Abstract Aims/hypothesis: The aim of this study was to further elucidate the relationship between resistin and insulin sensitivity, body fat distribution and the metabolic syndrome in humans. Methods: We measured plasma resistin levels in 177 non-diabetic subjects (75 male, 102 female; age 32-75 years). BMI, waist circumference, blood pressure, lipids, glucose, plasminogen-activator inhibitor 1 (PAI-1), adiponectin and leptin levels were also measured. The insulin sensitivity index (S I ) was quantified using Bergman's minimal model. Intra-abdominal fat (IAF) and subcutaneous fat (SQF) areas were quantified by CT scan. Presence of metabolic syndrome criteria was determined using the National Cholesterol Education Program Adult Treatment Panel III guidelines. Results: When subjects were divided into categories based on BMI (< or ≥27.5 kg/m 2 ) and S I (< or ≥ 7×10 −5 min −1 [pmol/l] −1 ), resistin levels did not differ between the lean, insulinsensitive (n=53, 5.36±0.3 ng/ml), lean, insulin-resistant (n=67, 5.70±0.4 ng/ml) and obese, insulin-resistant groups (n=48, 5.94±0.4 ng/ml; ANOVA p=0.65). Resistin correlated with age (r=−0.22, p<0.01), BMI (r=0.16, p=0.03) and SQF (r=0.19, p=0.01) but not with S I
groups (n=48, 5.94±0.4 ng/ml; ANOVA p=0.65). Resistin correlated with age (r=−0.22, p<0.01), BMI (r=0.16, p=0.03) and SQF (r=0.19, p=0.01) but not with S I (p=0.31) or IAF (p=0.52). Resistin did not correlate with the number of metabolic syndrome criteria or any of the individual metabolic syndrome criteria. In contrast, adiponectin, PAI-1 and leptin each correlated with IAF, SQF and S I . Additionally, the number of metabolic syndrome criteria correlated with adiponectin (r=−0.32, p<0.001), leptin (r=0.31, p<0.001) and PAI-1 (r=0.26, p=0.001). Conclusions/interpretation: In contrast to other adipokines, resistin is only weakly associated with body fat and is unlikely to be a major mediator of insulin resistance or the metabolic syndrome in humans.
Introduction
Resistin was discovered as an adipose-derived hormone in mice and has been postulated to play a role in the relationship between obesity and insulin resistance [1] . Although the data in mice are quite compelling, human data on the role of resistin in metabolism have been inconsistent. For example, the relationship between resistin levels and obesity has been inconsistent and little is known about the relationship between resistin and central body fat distribution [2] . Human studies have also failed to find significant correlations between resistin and measures of insulin sensitivity [3, 4] . Whether resistin is associated with the metabolic syndrome is not clear. In contrast, other adipokines, such as leptin, adiponectin and plasminogen activator inhibitor 1 (PAI-1), have been found to be clearly associated with insulin sensitivity, body fat distribution and the metabolic syndrome in humans [5] .
Given that a definitive conclusion regarding the relationship between resistin and human metabolism is yet to be reached, we undertook a study in a large cohort of apparently healthy subjects in order to determine whether resistin levels in humans are associated with obesity, central body fat distribution, insulin sensitivity and the metabolic syndrome.
Subjects and methods
Subjects Plasma resistin levels were measured in 177 subjects (75 male, 102 female; age 32-75 years) who participated in a study of the effects of insulin sensitivity on the plasma lipid profile response to egg feeding [6] . All subjects provided written informed consent to participate in the study, which was reviewed and approved by the Human Subjects Review Committee at the University of Washington.
Body composition and insulin sensitivity The following variables were measured as previously described [6] : intraabdominal fat (IAF) and abdominal subcutaneous fat (SQF) areas by CT scan at the level of the umbilicus; and the insulin sensitivity index (S I ) from a tolbutamide-modified frequently sampled IVGTT using Bergman's minimal model of glucose kinetics.
Assays Plasma resistin and PAI-1 levels were quantified using the Human Adipokine LINCOplex assay kit (Linco Research, St Charles, MO, USA). The antibody pairs used for each analyte in the multiplex panel are highly specific and no significant cross-reactivity within the panel was observed. The sensitivity of the assay is 6.7 pg/ml for resistin and 1.3 pg/ml for PAI-1. Intra-assay variation for resistin and PAI-1 levels was 2-8% and 2-5% and interassay variation for resistin and PAI-1 levels was 6-13% and 5-10%. The average recovery for the linearity of dilution is 99.8% and the recovery of spiked adipokines to the samples containing endogenous levels of adipokines was 90-121% for resistin and 96-107% for PAI-1. Fasting plasma leptin and adiponectin concentrations were measured by RIA (Linco Research).
Resistin and PAI-1 concentrations were measured using the 3-min sample from the frequently sampled IVGTT due to lack of adequate volume from the fasting sample. In a pilot study, we determined that resistin and PAI-1 levels did not differ when measured before and 3 min after glucose administration (data not shown).
Metabolic syndrome criteria Data were analysed in 164 subjects in whom we had measured all five metabolic syndrome criteria according to the National Cholesterol Education Program Adult Treatment Panel III guidelines. These criteria are defined as blood pressure ≥130/85 mmHg, waist circumference >102 cm in men and >88 cm in women, HDL-cholesterol <1.03 mmol/l in men and <1.29 mmol/l in women, triglycerides ≥1.69 mmol/l, and fasting plasma glucose ≥6.1 mmol/l.
Statistical analysis Student's t-test or ANOVA with Bonferroni post-hoc analysis was performed to ascertain differences among groups. Simple or multiple linear regression analysis was performed to determine correlations between measures of interest. Data that were not normally distributed were transformed to achieve normal distribution. Data are presented as means±SEM unless otherwise specified. A two-sided p<0.05 was considered statistically significant. ). Resistin levels were not significantly different between men and women, but PAI-1 levels were significantly higher in men, and leptin and adiponectin levels were higher in women (Fig. 1a) .
Results

Subject characteristics by sex
Subject characteristics by BMI and insulin sensitivity Subjects were divided into four groups based on BMI and insulin sensitivity (BMI < or ≥27.5 kg/m 2 and S I < or ≥7.0×10
. Because only nine subjects were classified as obese, insulin-sensitive they were not included in the analysis. Exclusion of these subjects did not affect the results. Resistin levels did not differ between the lean, insulin-sensitive (LIS) group, the lean, insulin-resistant group and the obese, insulin-resistant group (Fig. 1b) . In contrast, adiponectin levels were lower in both insulin-resistant groups compared with the LIS group and leptin and PAI-1 levels were higher in the obese group compared with the lean groups (Fig. 1b) .
Relationships between adipokines, age, insulin sensitivity and body fat measures As listed in Table 1 , resistin levels were strongly associated with age, weakly associated with BMI and SQF but not associated with S I or IAF. In contrast, adiponectin, leptin and PAI-1 levels demonstrated significant associations with S I and IAF and were more strongly associated with BMI and SQF than resistin. Adiponectin, but not leptin or PAI-1, was related to age.
In a multiple regression model, adjusting for age and sex, BMI was independently correlated with resistin levels (r=0.17, p<0.05), adiponectin (r=0.32, p<0.001), age (r=0.28, p<0.001), leptin (r=0.69, p<0.001) and PAI-1 (r=0.38, p<0.001).
With insulin sensitivity as the dependent variable and the individual adipokines, age, sex and BMI as the independent variables, adiponectin (r=0.34, p<0.001), leptin (r=−0.35, p<0.001) and PAI-1 (r=−0.29, p<0.001) remained independently associated with S I , but resistin was not (p=0.48). When IAF and SQF were substituted for BMI in the regression models the findings were similar.
Adipokine levels relative to metabolic syndrome criteria When analysed by number of metabolic syndrome criteria, resistin levels did not differ (Fig. 1c) . In contrast, levels of leptin increased and adiponectin decreased in subjects with two or more criteria compared with those with none. PAI-1 was increased in subjects with three or more criteria (Fig. 1c) . The number of metabolic syndrome criteria did not correlate with resistin levels (r=0.006, p=0.9) but was significantly correlated with adiponectin (r=−0.32, p<0.001), leptin (r=0.31, p<0.001) and PAI-1 (r=0.26, p=0.001). There were no significant correlations between resistin levels and any of the individual metabolic syndrome criteria.
Relationships between resistin and other adipokines Resistin did not correlate with adiponectin, but was positively correlated with leptin (r=0.20, p<0.01). This association became non-significant when adjusted for age, sex and BMI. Resistin also correlated with PAI-1 (r=0.31, P<0.001) and this relationship remained after adjustment for age, sex and BMI (partial r=0.32, P<0.001).
Discussion
We have demonstrated that resistin levels were not associated with IAF, insulin sensitivity or the metabolic syndrome and were only weakly associated with BMI and SQF. Our findings serve to clarify the previous literature regarding resistin's relationship with obesity and central body fat distribution, and are in agreement with previous findings of a lack of an association between resistin and insulin sensitivity in humans [3, 4] . We have further extended these observations by assessing for the first time the relationship between resistin levels and the individual metabolic syndrome criteria. Collectively, our data suggest that resistin is unlikely to play an important role in the constellation of clinical findings frequently associated with insulin resistance in humans.
While we found a weak relationship between resistin and BMI, resistin was not associated with IAF, the fat depot most strongly associated with insulin sensitivity [6] . Only one previous study has investigated the relationship between resistin and abdominal fat distribution by CT scan [2] . In their Japanese cohort, Azuma et al. [2] found higher resistin levels in the overweight-to-obese subjects when compared with lean subjects, but no correlation between resistin levels and IAF or SQF. Our study adds to this literature by demonstrating no relationship between resistin levels and IAF in a larger, predominantly Caucasian cohort.
We also found that resistin levels did not differ with increasing number of metabolic syndrome criteria and were not correlated with any of the individual metabolic syn- [7] . However, the clinical significance of such small differences in resistin levels, demonstrated only in a large cohort, is not clear. One possibility for the lack of a strong association between resistin and obesity could be that in humans, macrophages rather than adipocytes are the major source of resistin [8] . The link between resistin and inflammation is supported by studies in humans demonstrating increased resistin levels with acute inflammation [9] and positive associations between resistin levels and inflammatory markers [7, 10] . The association that we found between resistin and PAI-1 levels supports the hypothesis that resistin may play more of an inflammatory rather than a metabolic role in humans. It is also possible that resistin may have unidentified local effects which cannot be elucidated by measuring plasma levels.
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